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Abstract
Recent work by Shenker, Stanford, and Kitaev has related the black hole horizon
geometry to chaotic behavior. We extend this from eternal black holes to black holes
that form and then evaporate. This leads to an identity for the change in the black
hole S-matrix (over times shorter than the scrambling time) due an addition infalling
particle, elaborating an idea of ’t Hooft.
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1 In what sense is a black hole chaotic?
Thermal behavior and chaos are intimately connected. In thermalizing systems, the ergodic
mixing of the phase space arises from the exponential divergence of nearby trajectories, Fig.
1ab. It has been recognized for more than four decades that black holes have thermodynamic
properties. However, only very recently has the connection with chaos been made [1, 2, 3, 4,
5, 6, 7]. These papers have focused on eternal black holes confined to cavities, either single
black holes or in most cases pairs connected by an Einstein-Rosen bridge. In this paper we
extend these ideas to black holes that form and then decay.
A measure of chaos is the sensitivity to initial conditions,
∂q(t)
∂q(0)
= {q(t), p(0)} . (1.1)
Figure 1: Phase space of a thermalizing system. a) Initial classical phase space region. b)
A few thermalization times later, the region is well-mixed into the full phase space (subject
to conservation laws). The initial marked points are now well separated. c) At small ~, the
initial Wigner distributions still have little overlap.
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The corresponding quantum quantity would be
1
i~
[qˆ(t), pˆ(0)] . (1.2)
Of course, quantum mechanics is linear, and so two states that are close together in the
sense of having a large inner product will remain so. But states that are orthogonal can still
be physically similar (Fig. 1c), and this will not be preserved by time evolution. A useful
quantity is the square of the commutator (to avoid phase cancellations) averaged over the
thermal ensemble [8],
Z−1Tr
(
e−βH [Wˆ (t), Vˆ (0)][Wˆ (t), Vˆ (0)]†
)
. (1.3)
We have generalized the operators, conforming to common notation.
A typical behavior for this expectation value is shown in Fig. 2. We suppose that the
commutator is initially zero (as for spins separated in space, for example). There are two
exponentials of interest. The first is the exponential decay in the approach to equilibrium,
whose exponents are the Ruelle resonances. The second is the early exponential growth,
whose exponents are the Lyapunov exponents (times two, since we have squared the com-
mutator). Note that the approach to equilibrium can be seen even in two-point functions,
but to see the Lyapunov behavior requires the commutator-squared.
In a black hole, there are two notable exponential behaviors. If a source of fixed frequency
is thrown into a black hole, the frequency seen at infinity will be exponentially reshifted,
dτ
dt
∝ e−2pit/β . (1.4)
Here τ is the proper time of the infalling source, t is the Schwarzschild time, and β is the
inverse Hawking temperature. The other exponential is seen in the decay of a perturbed
Figure 2: Commutator-squared versus time. The exponential Lyapunov growth and Ruelle
decay are noted.
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black hole toward its hairless state. For a Schwarzschild black hole the quasinormal modes
governing this decay have time constants of the same order as in the redshift (1.4), since there
is only one time scale in the system, but they are not the same. Rather, these modes are
found by solving a differential equation involving distances of order rs outside the black hole,
whereas the redshift (1.4) depends only on the temperature which is determined entirely by
the geometry at the horizon (the surface gravity).
Clearly the quasinormal modes correspond to the Ruelle resonances. The recent obser-
vation, as we will explain further below, is that the redshift (1.4) is the sign of Lyapunov
growth [4, 5, 7]. The asymptotic observer actually detects the reciprocal, dt/dτ , which is a
growing exponential. It has long been of interest to understand how the black hole horizon
is manifested in the dual quantum theory. A general connection with thermalization was
obvious, but the work of [1, 2, 3, 4, 5, 6, 7] now makes it clear that it is the Lyapunov
behavior that is a direct reflection of the horizon physics.1
In §2 we derive an identity for the black hole S-matrix, under certain plausible assump-
tions. This identity determines the leading effect of throwing an additional particle into a
black hole that has has formed in the collision of earlier particles. There is a calculable effect
on the outgoing particles that grows exponentially in time, reflecting the Lyapunov behav-
ior, until the calculation breaks down roughly a scrambling time after the extra particle is
thrown in.
In §3 we discuss various puzzles that this result raises.
2 An S-matrix identity
Refs. [12, 13, 14, 15] obtained an S-matrix for scattering between a particle falling into a black
hole and an outgoing particle very close to the black hole horizon. The physical significance
of this result is puzzling, and it remained somewhat unrecognized until resurfacing recently
in the work noted above [1, 2, 3, 4, 5, 6, 7]. In fact, the meaning was clearly stated in
Ref. [13]:
Suppose the particle falls into a hole that “planned to emit” a certain series of
particles, possibly to be detected in the late future by some detector. The hole
is then said to be in one of its various possible states in Hilbert space. The
1There is some similarity between the recently proposed model of horizon chaos [4] and earlier matrix
models of black hole thermalization [9, 10, 11] (see in particular Figs. 1 of [9, 10]). However, it is not clear
that any of the latter share the property of being both solvable and chaotic. I thank B. Michel, V. Rosenhaus,
and S. J. Suh for collaboration on this.
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infalling particle, no matter how light it is, will change all that. A different series
of particles will come out. So the incoming particle does cause a transition from
one state into a different one. The effect can be computed rather precisely, using
the physics at the distance scales of the particles considered. . .
That is, one obtains a relation between a given black hole S-matrix element and another
with an additional ingoing particle.2 This is very interesting, and raises further questions.
However, it was largely overshadowed by a more ambitious attempt in the same work to
obtain the full black hole S-matrix, and even to justify the existence of an S-matrix in the
first place. Here we develop the more precise and less speculative interpretation reflected in
the quotation above, and discuss its implications.
We assume that there is a S-matrix for quantum gravity in d dimensions,
〈0|ap′1α′1 . . . ap′mα′ma†p1α1 . . . a†pnαn|0〉 , (2.1)
even for processes of such high energy that they are dominated by formation and evaporation
of an intermediate black hole. The α label the internal states of the particles. A prime will
always denote an outgoing particle. Rather than a momentum basis, it will be important to
consider wavepackets f with some localization in time:
〈0|af ′1α′1 . . . af ′mα′ma†f1α1 . . . a†fnαn|0〉 . (2.2)
We will consider packets interacting at a time when there is a black hole of radius rs centered
at the origin, after forming in the earlier collisions. We will be interested in effects that are
large compared to Gr2−Ds , but still less than order one. For simplicity we suppose that all
interactions are irrelevant at low energy, like gravity itself.
2.1 From infinity to the horizon
The important dynamics happens near the horizon, but in order to express the result in
terms of the asymptotic S-matrix we must first deal with propagation to the horizon [16, 15]
An incoming packet f following a trajectory r ≈ t0 − t partially reflects from the black
hole, becoming an outgoing packet Rg′ at r ≈ t − t0 + O(rs) and an ingoing packet Th at
tortoise coordinate r∗ ≈ t0 − t.3 We have included reflection and transmission coefficients
R, T so that all three packets are normalized in the appropriate inner product (f, f), e.g. the
2This is somewhat in the spirit of a Ward identity or a soft scattering theorem, although we do not see a
precise analogy.
3 It is convenient to assume that the added incoming particle is massless, in order that its long-ranged
gravitational field not scramble the states of the black hole before the particle itself arrives.
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Klein-Gordon inner product for scalars. The dependence of R, T on f, α is suppressed for
convenience. Defining the corresponding creation operators, a†f = (f, φ) and so on, we have
a†f,α = Ra
†
g′,α + Ta
†
h,α (2.3)
or
a†h,α =
1
T
a†f,α −
R
T
a†g′,α . (2.4)
It will be convenient to discuss the addition of a particle in the near-horizon ingoing
state h, so we see that this is actually a statement about a particular linear combination
of asymptotic S-matrix elements with one additional ingoing particle or one fewer outgoing
particle. Similarly for outgoing particles,
a†f ′,α′ = R
′a†g,α′ + T
′a†h′,α′ ,
a†h′,α′ =
1
T ′
a†f ′,α′ −
R′
T ′
a†g,α′ . (2.5)
Localized modes f are usually taken to be of positive Schwarzschild frequency. When
expressed in terms of the Kruskal frequencies of the infalling observer, they become a mix-
ture of positive and negative frequencies. In our analysis, it will be useful for the f ’s to
have compact support in time, and so they must have a mixture of positive and negative
frequencies in any time coordinate. To see what is meant by the S-matrix for such modes,
consider mixed-frequency modes bi that are related to purely positive-frequency modes aj
by a Bogoliubov transformation
bi = Aijaj +Bija
†
j . (2.6)
A number eigenstate for the b modes is equal to a linear combination of number eigenstates
for the a modes (start from Nb = 0 and work upwards), so an S-matrix element for the b
modes is equal to a sum of S-matrix elements with various numbers of a modes.
2.2 The horizon S-matrix
The horizon S-matrix [16, 15, 17] is defined in terms of the h basis,
Shorizon = 〈0|ah′1α′1 . . . ah′mα′ma†h1α1 . . . a†hnαn|0〉 . (2.7)
To be precise, the h basis is not meaningful in the early stages when the black hole is forming.
It is probably best to use the f basis over most of the life of the black hole, switching to
the h basis during the time of interest. Alternatively one can use Eqs. (2.4,2.5) to express
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everything in the f basis. The h basis is well defined during the period when the additional
particle is added.
The important effect arises because ingoing and outgoing quanta collide with high energies
near the black hole horizon. Consider an incoming quantum on the trajectory r∗ ∼ t0 − t
and an outgoing quantum on the trajectory r∗ ∼ t − t1. For for t1 > t0 these meet at
r∗ ∼ 1
2
(t0− t1), at which point their center-of-mass energy in an inertial frame is boosted by
a factor √
g00 ∼ epi(t1−t0)/β , (2.8)
where β is the inverse Hawking temperature. Due to this growth, the gravitational interaction
becomes important at large t1 − t0.
As the incoming particle approaches the horizon, its ultrarelativistic gravitational field
takes a simple shock form [12],
ds2 = 2guvdv (du− F (v, θ)dv) + r2dΩ2D−2 . (2.9)
Here
u = −e2pi(r∗−t)/β , v = e2pi(r∗+t)/β , (2.10)
are the Kruskal coordinates, and θ are coordinates on SD−2. The unperturbed metric,
F (v, θ) = 0, is Kruskal. The perturbation satisfies [12]
guv(0, 0)
(
−∇2D−2 +
(D − 3)(D − 2)
2
)
F (v, θ) = −16piG∂vh(v, θ)∂vh(v, θ) (2.11)
for incoming packet h(v, θ). The ingoing packet and its shock are localized in v. As the
outgoing packet h′(u, θ) passes through the shock, the leading effect is a shift [12],
∆u(θ) =
∫
dv F (v, θ) ,
guv(0, 0)
(
−∇2D−2 +
(D − 3)(D − 2)
2
)
∆u(θ) = −16piGr2s
∫
dv ∂vh(v, θ)∂vh(v, θ) . (2.12)
The outgoing packet h˜′(u, θ) after the shock is related to the packet h′(u, θ) before by
h˜′(u, θ) = h′(u−∆u(θ), θ) . (2.13)
The shift is constant in the smooth u coordinate, and so via the coordinate transforma-
tion (2.10) one gets
∆t(θ) = ∆u(θ)
dt
du
= e2pi(t−r
∗)/β∆u(θ) . (2.14)
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This grows exponentially with time after the ingoing shock, reflecting the chaotic dynamics
of the black hole [1, 2, 4, 5, 7].
This has a simple interpretation. The infalling particle causes the event horizon to
expand. A mode traveling away from the horizon will find itself somewhat closer to the new
horizon, and so take longer to escape. (In the coordinate system above, the horizon stays
fixed at u = 0 and the particle shifts toward it.) A mode at radius rs + δ escapes from the
black hole after a time of order
t ∼ β
2pi
ln(rs/δ) . (2.15)
Expanding the horizon by ∆rs effectively reduces δ by ∆rs, and so
∆t ∼ β∆rs
2piδ
∼ ∆rse2pit/β . (2.16)
We now translate this into a precise statement about the change in the S-matrix. As an
operator statement [14],
ah˜′,α′a
†
h,α = a
†
h˜,α
ah′,α′ . (2.17)
The tilde on a†
h˜,α
reflects a similar shift in the ingoing packet, but this packet continues
through the horizon so the shift is not seen. The S-matrix with additional incoming particle
h can then be written
〈0|ah˜′1α′1 . . . ah˜′mα′ma
†
h,αa
†
h1α1
. . . a†hnαn|0〉
= 〈0|ah˜′1α′1 . . . ah˜′k−1α′k−1a
†
h˜,α
ah′kα′k . . . ah′mα′ma
†
h1α1
. . . a†hnαn|0〉 . (2.18)
That is, we have commuted a†h,α to the left past outgoing modes k, . . . ,m. In effect, whatever
would have been the state of the mode ah′iα′i without the additional particle is now the state
of the mode ah˜′iα′i
, for i = k, . . . ,m. We commute only as far as we trust the result (2.17), a
point that we will address below.
This is the naive effect of the expansion of the horizon, but the result breaks down be-
yond the scrambling time. For t1−t0>∼ (β/2pi) ln(rD−3s /EG), which I will take as defining the
scrambling time tscr, the shift ∆u exceeds −u over most of the horizon, and the outgoing par-
ticle no longer escapes [14, 16]. Of course, Hawking radiation does not cease. Later Hawking
modes originate further from the original horizon, and it is an important open question to
understand how these become imprinted with information. Later outgoing particles, as well
as the added ingoing particle, undergo scrambling dynamics that is outside the effective field
theory approximation.
At tscr, the c.m. energy of the collision is of order
Ecoll ∼
√
r4−Ds /G . (2.19)
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In D = 4 this is the Planck energy, but the typical impact parameter is rs and so the
gravitational interaction is still weak. Thus, the cutoff due to the horizon expansion oc-
curs before strong gravity effects such as black hole formation [5],4 and so we can use the
commutator (2.17) up to the scrambling time.
If the string scale is rather low, there could still be stringy corrections to the Lyapunov
exponent [5]. Of course, there are still large nonlocal invariants, and it is interesting to ask
whether string effects such as those studied in [18] could manifest in the S-matrix.
The relation (2.18) includes the states of particles not appearing in the S-matrix, the
outgoers that are captured by the expanding horizon, and the extra ingoer on the right.
In order to write a relation for observables, let us recall the basic intuition: up until the
scrambling time, whatever would have been the occupation number for ah′iα′i is now the
occupation number for ah˜′iα′i
. Since this should be true in any basis, the full density matrices
for these modes should have the same property. Thus, we consider the square of the S-matrix
and trace over all modes coming out after the scrambling time, to get∑
X˜
〈X˜|ah˜′kα′k . . . ah˜′mα′ma
†
h,αa
†
h1α1
. . . a†hnαn|0〉〈X˜|aj˜′lβ′l . . . aj˜′mβ′ma
†
h,αa
†
j1β1
. . . a†jnβn |0〉∗
=
∑
X
〈X|ah′kα′k . . . ah′mα′ma
†
h1α1
. . . a†hnαn|0〉〈X|aj′lβ′l . . . aj′mβ′ma
†
j1β1
. . . a†jnβn|0〉∗ . (2.20)
The notation X˜ reflects the need to shift the time cutoff on the left-hand side to keep the
one-to-one correspondence between outgoing modes. This is a map from the initial state,
or density matrix, of the black hole (obtained by contracting the latter with the unprimed
indices), to the reduced density matrix for the outgoing modes before the scrambling time.
Thus it is a reduced version of the $-matrix [22], but one that preserves unitarity because it
is derived from an S-matrix.5 We claim that this is the precise form of the identity implied
by the quotation at the beginning of the section, capturing effects larger than Gr2−Ds .
It is useful to use wavepackets h′ that have finite support in time, so that one can sharply
identify those that are before the cutoff. Since the shift (2.12) depends on angle and becomes
large near the incoming particle, it is also useful to use packets that have limited angular
support, avoiding the incoming particle. It should be noted that the identities (2.18, 2.20)
make sense as they stand only for an incoming packet h having narrow support in angle, since
the shift depends on this; the packet should not be so narrow that the transverse momentum
competes with the large radial momentum. To go to a general basis, one would first extend
to off-diagonal elements in h (which would mean different shifts on the h′ and j′ packets),
4I thank D. Stanford for emphasizing this.
5I thank D. Harlow for emphasizing this.
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and then transform to a new basis. This would be complicated due to the dependence of the
shifts on angle.
If the incoming particle is thrown in during the first half of the life of the black hole, a
typical initial state will map to a maximally mixed density matrix [19] and there will be no
observable effect from the perturbation. For special initial states, or during the second half
of the life of the black hole, the effect will be detectable. These points are essentially those
of [20, 21].
3 Puzzles
The identity (2.20) seems compelling, but in a sense it is quite surprising. The basic input
is the near horizon scattering amplitude between ingoing and outgoing particles. But in
a natural black hole there should be no outgoing particles near the horizon from which to
scatter! An infalling particle, or observer, should fall through the horizon smoothly.
Indeed, within a low energy effective field theory description of the horizon, where the
Hawking calculation is valid [22], there is no relation analogous to Eq. (2.20). The vacuum
state in the neighborhood of the horizon is invariant under small changes of u. The modes
exterior to the black hole can only be described by a density matrix, they are not tagged
by their entanglement with earlier Hawking modes, and so there is no way to see that
something has happened. This argument also implies that the average Hawking flux is not
(substantially) changed by the infalling particle, in spite of the effect on specific packets.
The scattering becomes visible due to the additional assumption that there is an S-matrix.
The argument is a hybrid: we assume that low energy effective field theory breaks down in
a manner that allows an S-matrix, but that we can use effective field theory to analyze
scattering involving small numbers of quanta outside the black hole (the derivation of the
S-matrix involves applying the commutator (2.17) to O(tscr/rs) modes). These assumptions
are widely employed in applications of AdS/CFT. We believe that the result (2.20) has the
ring of truth, in connecting the thermal properties of black holes to chaos, and it seems to
fit with properties of strongly coupled field theories [4, 7]. However, it still remains to justify
the assumptions from a more fundamental understanding.
The existence of the identity (2.20) reflects the fact that the outgoing modes carry
information even near the horizon. In the words of Mathur [23], the horizon cannot be
information-free if there is to be a black hole S-matrix. We can illustrate this with an anal-
ogous laboratory experiment. Consider a detector measuring the vacuum fluctuations of a
mode that passes through. What is to be measured is the analog of Nh′,α′ = a
†
h′,α′ah′,α′ . The
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mode h′ has positive Schwarzschild frequency and so mixed positive and negative frequencies
as seen by a local inertial observer; its distribution in vacuum is thermal. The measurement
correlates this mode with a register in the detector. A later observer measuring these same
fluctuations can correlate her own detector with the first. The mode therefore carries infor-
mation.
But one cannot send information with vacuum fluctuations. Once the first measurement
has been made, the field is no longer in vacuum. The mode being measured still has a
thermal distribution, but it is entangled with the first detector and not with the nearby
modes of the field. Thus, we can be quite certain that if we measure the flux of energy in
the neighborhood of the mode after the measurement it will be positive.
The black hole is carrying out a similar measurement on all of the outgoing modes —
this is the meaning of (2.20).6 The associated energy flux is the firewall. This is not a new
firewall argument but a restatement of the original one [24]. The key assumptions are the
same — an S-matrix, and effective field theory outside the horizon. But the identity (2.20)
and the laboratory analog make the issue more visceral. An infalling observer will pass
through a beam of information carried by high frequency quanta, and actually affects the
passing information. How then can they not also encounter a beam of energy?7
Most attempts to avoid the firewall identify the register in the first detector with the
modes of the field near the beam [25]. Clearly this does not make sense in the laboratory
example, and it is far from clear that it makes sense for the black hole [26]. Another idea
would modify effective field theory outside the horizon [27], so that (2.20) would no longer
hold. Finally, we note that [28] has suggested that chaotic behavior of the black hole might
be an alternative to the firewall, but we have found that they are two sides of the same coin
(or horizon).
Acknowledgments
I thank Tom Banks, Raphael Bousso, Steve Giddings, Daniel Harlow, Sunny Itzhaki, Ted
Jacobson, Alexei Kitaev, Don Marolf, Ben Michel, Kyriakos Papadodimas, Andrea Puhm,
Suvrat Raju, Vladimir Rosenhaus, Steve Shenker, Eva Silverstein, Mark Srednicki, Josephine
Suh, and Gabriele Veneziano for helpful dicussions. This work was supported in part by NSF
6To be precise, the black hole’s measurement is a bit more disruptive. The lab experiment leaves a
correlation between the message modes and their partners, so the message and the register are not in a pure
state. In the black hole the early and late radiation together are in a pure state. I thank R. Bousso for
emphasizing this.
7It was not the intention of the author to make this a paper about firewalls, but all roads seem to lead
to them.
10
Grants PHY11-25915 and PHY13-16748.
References
[1] S. H. Shenker and D. Stanford, “Black holes and the butterfly effect,” JHEP 1403, 067
(2014) [arXiv:1306.0622 [hep-th]].
[2] S. H. Shenker and D. Stanford, “Multiple Shocks,” JHEP 1412, 046 (2014)
[arXiv:1312.3296 [hep-th]].
[3] S. Leichenauer, “Disrupting Entanglement of Black Holes,” Phys. Rev. D 90, no. 4,
046009 (2014) [arXiv:1405.7365 [hep-th]].
[4] A. Kitaev, “Hidden correlations in the Hawking radiation and thermal noise,” Break-
through Prize Fundamental Physics Symposium 11/10/2014, KITP seminar 2/12/2015;
“A simple model of quantum holography (part 1),” KITP seminar 4/7/2015.
[5] S. H. Shenker and D. Stanford, “Stringy effects in scrambling,” arXiv:1412.6087 [hep-
th].
[6] S. Jackson, L. McGough and H. Verlinde, “Conformal Bootstrap, Universality and Grav-
itational Scattering,” arXiv:1412.5205 [hep-th].
[7] J. Maldacena, S. H. Shenker and D. Stanford, “A bound on chaos,” arXiv:1503.01409
[hep-th].
[8] A. Larkin and Y. Ovchinnikov, “Quasiclassical method in the theory of superconduc-
tivity,” JETP 28,1200 (1969).
[9] G. Festuccia and H. Liu, “The Arrow of time, black holes, and quantum mixing of large
N Yang-Mills theories,” JHEP 0712, 027 (2007) [hep-th/0611098].
[10] N. Iizuka and J. Polchinski, “A Matrix Model for Black Hole Thermalization,” JHEP
0810, 028 (2008) [arXiv:0801.3657 [hep-th]].
[11] N. Iizuka, T. Okuda and J. Polchinski, “Matrix Models for the Black Hole Information
Paradox,” JHEP 1002, 073 (2010) [arXiv:0808.0530 [hep-th]].
[12] T. Dray and G. ’t Hooft, “The Gravitational Shock Wave of a Massless Particle,” Nucl.
Phys. B 253, 173 (1985).
[13] G. ’t Hooft, “The black hole interpretation of string theory,” Nucl. Phys. B 335, 138
(1990).
11
[14] Y. Kiem, H. L. Verlinde and E. P. Verlinde, “Black hole horizons and complementarity,”
Phys. Rev. D 52, 7053 (1995) [hep-th/9502074].
[15] G. ’t Hooft, “The Scattering matrix approach for the quantum black hole: An
Overview,” Int. J. Mod. Phys. A 11, 4623 (1996) [gr-qc/9607022].
[16] N. Itzhaki, “Some remarks on ’t Hooft’s S matrix for black holes,” hep-th/9603067;
N. Itzhaki, “Is the black hole complementarity principle really necessary?,” hep-
th/9607028.
[17] R. Akhoury, “Unitary S Matrices With Long-Range Correlations and the Quantum
Black Hole,” JHEP 1408, 169 (2014) [arXiv:1311.5613 [hep-th]].
[18] M. Dodelson and E. Silverstein, “String-theoretic breakdown of effective field theory
near black hole horizons,” arXiv:1504.05536 [hep-th];
M. Dodelson and E. Silverstein, “Longitudinal nonlocality in the string S-matrix,”
arXiv:1504.05537 [hep-th].
[19] D. N. Page, “Information in black hole radiation,” Phys. Rev. Lett. 71, 3743 (1993)
[hep-th/9306083].
[20] P. Hayden and J. Preskill, “Black holes as mirrors: Quantum information in random
subsystems,” JHEP 0709, 120 (2007) [arXiv:0708.4025 [hep-th]].
[21] S. G. Avery, B. D. Chowdhury and A. Puhm, “Unitarity and fuzzball complementarity:
‘Alice fuzzes but may not even know it!’,” JHEP 1309, 012 (2013) [arXiv:1210.6996
[hep-th]].
[22] S. W. Hawking, “Breakdown of Predictability in Gravitational Collapse,” Phys. Rev. D
14, 2460 (1976).
[23] S. D. Mathur, “The Information paradox: A Pedagogical introduction,” Class. Quant.
Grav. 26, 224001 (2009) [arXiv:0909.1038 [hep-th]].
[24] A. Almheiri, D. Marolf, J. Polchinski and J. Sully, “Black Holes: Complementarity or
Firewalls?,” JHEP 1302, 062 (2013) [arXiv:1207.3123 [hep-th]].
[25] L. Susskind, “The Transfer of Entanglement: The Case for Firewalls,” arXiv:1210.2098
[hep-th];
K. Papadodimas and S. Raju, “An Infalling Observer in AdS/CFT,” JHEP 1310, 212
(2013) [arXiv:1211.6767 [hep-th]];
12
E. Verlinde and H. Verlinde, “Black Hole Entanglement and Quantum Error Correc-
tion,” JHEP 1310, 107 (2013) [arXiv:1211.6913 [hep-th]].
[26] R. Bousso, “Complementarity Is Not Enough,” Phys. Rev. D 87, no. 12, 124023 (2013)
[arXiv:1207.5192 [hep-th]];
A. Almheiri, D. Marolf, J. Polchinski, D. Stanford and J. Sully, “An Apologia for
Firewalls,” JHEP 1309, 018 (2013) [arXiv:1304.6483 [hep-th]];
D. Marolf and J. Polchinski, “Gauge/Gravity Duality and the Black Hole Interior,”
Phys. Rev. Lett. 111, 171301 (2013) [arXiv:1307.4706 [hep-th]];
R. Bousso, “Frozen Vacuum,” Phys. Rev. Lett. 112, no. 4, 041102 (2014)
[arXiv:1308.3697 [hep-th]];
D. Harlow, “Aspects of the Papadodimas-Raju Proposal for the Black Hole Interior,”
JHEP 1411, 055 (2014) [arXiv:1405.1995 [hep-th]].
[27] S. B. Giddings, “Nonviolent nonlocality,” Phys. Rev. D 88, 064023 (2013)
[arXiv:1211.7070 [hep-th]].
[28] S. W. Hawking, “Information Preservation and Weather Forecasting for Black Holes,”
arXiv:1401.5761 [hep-th].
13
